Abstract
Uncertainty analysis is required as part of national GHG inventories (Eggleston et al., 2006) , 136 and the carbon brainprint contained additional sources of uncertainty, particularly in the 137 prospective brainprint, so the same approach should be followed as far as possible. The usual 138 method is to define distributions for the main variables and parameters from data or expert 139 judgement, then use Monte Carlo simulation to derive output distributions and present the 140 results as the mean and 95% confidence interval. 141
One issue that was identified in the guidelines, but not fully resolved, was the attribution of 142 the brainprint between multiple participants. When there were multiple university 143 participants, it was proposed that this could be based on the share of the research income, or 144 their documented roles. Indeed, if the aim was to estimate the impact of the university sector, 145 there would be no need for finer attribution. Dealing with other participants whose roles went 146 beyond implementation and uptake was anticipated to raise further difficulties. 147 148 3 Case studies 149 The case studies will be summarised, with emphasis on their contribution to the development 150 of the method. Full details can be found in the project report (Parsons et al., 2011) . 151
Ceramic coatings for jet engine turbine blades

152
The aviation industry is estimated to contribute about 2-2.5% of GHG emissions, and the 153 number of aircraft in service is projected to double between 2011 and 2031 (Grote et al., 154 2014) . Reducing emissions from aircraft through both operational changes and improvementsPage 9 in efficiency is, therefore, an important part of overall GHG emissions reduction. The Surface 156
Science and Engineering Group at Cranfield University has been working with Rolls-Royce 157 plc for over 17 years to improve the insulating performance of ceramic thermal barrier 158 coatings (TBCs), which are applied to jet turbine blades to protect them from the high 159 temperature gases leaving the combustion chamber and to increase the efficiency of the 160 engine. As a result, the TBCs used in the current generation of aircraft turbofan jet engines 161 permit operation at a temperature drop about 80°C greater than prior to the research, with an 162 estimated fuel saving of about 1% (inferred indirectly from other information). This case 163 study considered two engine types: the Trent 700, used on about half of the Airbus A330 164 aircraft currently in service, and the Trent 500, used on all Airbus A340-500 and A340-600 165
aircraft. 166
Good data on the numbers of aircraft delivered and in service was available from (Airfleets, 167 2011) and full data on existing orders came from (Airbus, 2010). The activity data was 168 statistical summaries of the number and distance of flight legs derived from the Association 169 of European Airlines (AEA) via another university project (C. Miyoshi, personal 170 communication). In the absence of other data, these were assumed to be typical of all 171
operators. 172
No fuel consumption data was available from the operators, so it was modelled using publicly 173 available estimates (EMEP/EEA, 2009) for the cruise phase standard engine tests for take-off 174 and landing (CAA, 2010). The emissions during extraction and refining of the fuel were 175 taken from (ELCD, 2010). Estimates of the emissions associated with fuel transport and 176 manufacture of the blades showed they were negligible in comparison with the direct 177 emissions.
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The estimates of the current emissions reductions for individual aircraft were 1016-179 1646 t CO 2 e/year depending on the model, giving a total retrospective GHG emissions 180 reduction of 568 kt CO 2 e/year (95%: 429-721) for the aircraft in service. Including all the 181 aircraft on order, the mean prospective GHG emissions reduction was 833 kt CO 2 e/year 182 (95%: 629-1060). Assuming a service life of 20 years, the total brainprint was approximately 183 16 Mt CO 2 e (95%: 12-20). More recent developments by the same team are included in 184 newer engine models and aircraft, so these totals are substantial under-estimates. 185
This case study raised few conceptual challenges, because it concerned an incremental 186 development in a well-studied field. It exemplified the large absolute values (relative to the 187 other case studies) that could be obtained from small changes in energy-intensive processes. 188
There was a residual uncertainty over the estimate of the change in efficiency, which had to 189 be inferred in the absence of experimental data. The assessment required a relatively detailed, unwise to make strong claims on this basis until field trials could provide data to reduce the 227 uncertainties and realistic projections of uptake were possible. 228
As the project had multiple participants, there was a need to consider attribution if the 229 brainprint was to be divided among them. Based on the composition of the team and the 230 division of the budget, Cranfield University's contribution was estimated to be one-third, or 231 34 kt CO 2 e. This assumed that the brainprint was attributed entirely to the research 232 institutions. If some of the innovations were contributed by the commercial partners in the 233 consortium, it can be argued that the total university share should be reduced. University, the majority of his contribution was based on his PhD or work at Cranfield, so an 267 estimate of 75% was used. Combining these, the mean estimate of the retrospective brainprint 268 attributable to Cranfield was 56 kt CO 2 e, or 14 kt CO 2 e/year, with greater uncertainty than 269 the aggregate figure. calculated to be less than 1.5 kt CO 2 e. This was less than 1% of the gas captured from each 295 site in one year, so no estimates of equipment life cycle emissions were included in thePage 15 brainprint calculations. Indirect benefits that could be obtained by using the gas to displace 297 fossil fuels were excluded. 298
There was no data on the work of the first group of trainees after the initial set of visits, or on 299 the second group. The initial interventions would continue to reduce emissions, but the rate of 300 production of methane within the landfill might change over time, and the gas recovery on 301 subsequent sites might be lower due to the selection of the initial set. Assuming the gas yield 302 deceased by 10%/year and that each group made a similar set of visits, but achieved only 303 70% of the reduction obtained in the first year, the total reduction in GHG emissions in year 2 304 compared with the status quo would be 927 kt CO 2 e, or a cumulative total of 1,330 kt CO 2 e. 305
Extrapolating forward for an additional three years, assuming similar decreases in results, the 306 cumulative emissions reduction over five years would be 5,380 kt CO 2 e. 307
In the uncertainty analysis, the change in emissions reported by the EA was treated as certain, 308 but, based on a survey of seven UK landfill sites (Allen et al., 1997), a uniform distribution in 309 the range 36-64% v/v was used for the methane concentration of the gas. This resulted in a 310 95% confidence interval for emissions reduction in the first year of 370-638 kt CO 2 e. All of 311 the other variables -the numbers of future visits, their effectiveness and the resulting changes 312 in emissions -were assumptions without supporting data, so were treated as highly uncertain 313 and given independent normal distributions with coefficients of variation of 50%. The 314 resulting 95% confidence intervals were 1,090-1,570 kt CO 2 e for the first two years and 315 3,700-7,310 kt CO 2 e for the five-year total. 316
The fact that the EA had audited the results of the first training cohort enabled a 317 straightforward and reliable estimate to be made of the total brainprint of this activity. It 318 highlighted the impact that interventions affecting methane could have, due to its high global 319 warming potential. Beyond the first year, the extrapolation entailed large uncertainties. ThePage 16 other main difficulty with this case study was attribution. The course was managed by 321
Cranfield University and taught by its staff, but included knowledge experience from EA 322 staff. The steering committee took the view that the course would not have taken place 323 without the involvement of a university or similar institution, so the brainprint could be 324 attributed solely to the university. However, there is also a case for dividing it between the 325 university and the EA. The first investigation focused on saving electricity used for lighting, office equipment and 342 catering by influencing user behaviour in an office building on the main campus. Electricity 343 consumption was recorded over a 7 month period (October-April) in the trial, with eachPage 17 month divided into occupied days and unoccupied days. The results were compared with the 345 same period in the previous year, having standardised both to an occupancy of 346 20.5 days/month. The reduction in emissions from electricity generation and distribution, 347 using a conversion factor of 0.61707 kg CO 2 e/kWh (DECC, 2010), was 7.8 t CO 2 e from a 348 baseline of 38.4 t CO 2 e, a reduction of about 20%. Although the uncertainty in the measured 349 consumption was low, the comparison with the baseline introduced uncertainty due to the 350 differences in occupancy, weather and other influences on behaviour. 351
The second investigation considered an interventionist approach in an accommodation block 352 at the Henley Business School using intelligent monitoring and control systems. The existing 353
Building Management Systems was enhanced using a Building Energy Management System 354 to control some of the system parameters for occupied rooms and reduce the heating in 355 unoccupied rooms. By comparing the results with another block before and during the trial, 356 energy savings in the form of heating oil were estimated to be about 25%. The reduction in 357 emissions was estimated to be 3.3 kg CO 2 e/day, but this was highly variable due to changes 358 in occupancy and weather. The change would be much lower during the summer, but 359 additional savings could be made if the system was extended to other services, such as 360
lighting. 361
Given the uncertainty and variability present in both sets of data and the limited duration, the 362 results were not extrapolated to a carbon brainprint for a whole year or a longer period. On 363 the evidence of these two investigations, measures of this type could reduce non-domestic 364 energy consumption by of the order of 20-25%. A detailed carbon footprint study of one UK 365 university found that building energy use accounted for one-third of its total GHG emissions, 366 of which half were from electricity use in buildings owned by the university (Ozawa-Meida 367 et al., 2013), so the potential reductions within university estates are significant. Many of thePage 18 same measures could be applicable to other non-domestic buildings, which are responsible 369 for 20% of the UK's GHG emissions (Choudhary, 2012) , but the total impact would be 370 highly dependent on uptake. Two refineries for which the necessary data were available were considered in the study: a 389
Repsol YPF refinery in Argentina and the Esso Fawley Refinery in the UK. Simulation 390 studies were conducted with and without optimised cleaning schedules to estimate the 391 difference in fuel use for heating. The only emissions considered were those arising fromPage 19 direct combustion of oil products to heat the crude oil prior to distillation, calculated using a 393 stoichiometric method based on the fuel composition. The predicted changes were small 394 fractions of the total throughput of the refinery, so the resulting change in total output was 395 neglected. 396
The analyses simulated a three year period for the Repsol YPF case and two years for Esso 397
Fawley. Compared with current practice, systematic cleaning at the Repsol YPF refinery was 398 predicted to result in an average GHG emissions reduction of 1.0 kt CO 2 e/year. If the desalter 399 inlet temperature was constrained, the emissions reduction was 0.77 kt CO 2 /year. For the 400 Esso Fawley refinery, the predicted average reduction in emissions with systematic cleaning 401 was 1.4 kt CO 2 /year. 402
The differences between the two refineries studied in terms of throughput and configuration 403 show that it is not possible to extrapolate directly from these results to other installations, 404 however, from the results obtained, a realistic estimate of the likely GHG emissions reduction 405 for each refinery is of the order of 1 kt CO 2 /year. There were no implementations in practice 406 that could demonstrate this, but the university was working with the company IHS-ESDU to 407 include the algorithm in a commercial software product. 408
The estimation in this case was simple, as the existing model included most of the necessary 409
calculations. Within the model, the furnace efficiency was the main source of uncertainty. 410
Both results assumed a furnace efficiency of 90%; if the efficiency was lower, greater 411 reductions in emissions would be obtained. 412
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Discussion
414
The Carbon Brainprint project aimed to develop and make available robust methods to 415 calculate both retrospective and potential estimates of the contributions that universities make 416 to reducing GHG emissions. Six contrasting case studies were used to develop and test the 417 methods, and to provide an indication of the benefits that might be obtained. The magnitude 418 of the retrospective brainprints varied widely between case studies, from about 419 12 t CO 2 e/year to over 500 kt CO 2 e/year ( Table 2) . The large absolute values were often the 420 result of small changes in efficiency in processes with high emissions. Although larger 421
proportional reductions in emissions were found in other studies, these were pilot studies, so 422 the absolute values were small, though the future potential if they were adopted is very large. 423
It was clear from the landfill gas case study that interventions to reduce GHGs other than 424 carbon dioxide can have very large impacts due to the high GWP of the gases considered. 425
Case studies in which changes in emissions or activity had already been measured provided 426 the clearest demonstration of the benefits of innovation or knowledge transfer to GHG 427 emission reduction. These cases were also simplest and least uncertain to evaluate, as they 428 allowed a direct calculation. Where such results had not been recorded, even for an existing 429 innovation, such as turbine blade coatings, it was necessary to use a model-based (Tier 3) 430 approach, which was considerably more time-consuming and contained many sources of 431 uncertainty. Inevitably, extrapolation to future impacts required a model, however simple, 432 and introduced many new uncertainties. If universities wish to provide a clear demonstration 433 of the impact of their work, some engagement with the users after implementation to collect 434 operational data would greatly simplify the process and provide the most reliable evidence. 435
In most cases, the change in emissions during operation far outweighed emissions involved in 436 the application of the innovation. The exception was the NOVA turbine study, in which the
